Purpose: To externally validate and compare the performance of previously published diagnostic models developed to predict malignancy in adnexal masses.
Introduction
The most important role of the sonologist examining patients with an adnexal mass is to distinguish between benign and malignant masses to optimally triage patients. Benign masses can be managed conservatively or-if technically feasible-be removed by laparoscopy. However, patients with masses that are presumed to be malignant should be referred to gynecologic oncologists for proper staging and debulking (1) (2) (3) . A mistake in either direction could worsen the patient's prognosis or create unnecessary anxiety, cost, and extensive surgery.
The sonologist can use different strategies to assess the risk of malignancy but there is still no consensus as to the optimal approach.
Subjective assessment of the sonographic characteristics of the mass is an excellent method to discriminate between benign and malignant but only in the hands of experienced ultrasound examiners (4, 5) .
The American College of Obstetricians and Gynecologists (ACOG) uses guidelines based on demographic, sonographic, and biochemical parameters for the referral of pre-and postmenopausal patients with an adnexal mass to a gynecologic oncology center. These guidelines reach a high sensitivity with regard to malignancy for postmenopausal patients (93%) but a low sensitivity for premenopausal patients (79%) and poor specificity for both groups (70% and 60% for pre-and postmenopausal patients, respectively; ref. 6) .
Several mathematical models or scoring systems have been developed to be used for discrimination between benign and malignant adnexal masses with encouraging results (7) (8) (9) (10) (11) (12) (13) (14) . Unfortunately, when tested prospectively, most models did worse than in the studies where they had been created, and they did not achieve the performance of experienced sonologists using subjective assessment of the ultrasound image (4, (15) (16) (17) (18) . The Royal College of Obstetricians and Gynecologists (19) and a recent review article by Geomini and colleagues (20) recommend the risk of malignancy index (RMI; ref. 7) as the method of choice for characterizing ovarian pathology as benign or malignant. The RMI is a scoring system that is derived from a logistic regression formula that combines menopausal status with serum CA125 and ultrasound variables (multilocular cysts, solid areas, metastases, ascites, bilaterality; ref. 7) .
Recently, the International Ovarian Tumor Analysis (IOTA) study group developed several mathematical models to calculate the individual risk of malignancy in an adnexal mass. The details of the IOTA studies and the ultrasound protocol have been published previously (16, 21) . The IOTA studies are international multicenter studies where women with adnexal masses are examined with ultrasound following a standardized research protocol with the aim of developing and validating mathematical models to estimate the risk of malignancy in adnexal masses. Patients with an adnexal mass were examined by an experienced ultrasound examiner following a standardized protocol. The ultrasound protocol required the assessment of more than 40 clinical and ultrasound variables. It was not mandatory to look for metastases, nor was it required to take a blood sample for the measurement of CA125 but this was encouraged. All patients had to undergo surgery within 4 months after the ultrasound examination to have the final histologic outcome and stage (in case of malignancy). Using this approach, the IOTA group aimed to overcome the problems of generalizability, sample size, and lack of standardized ultrasound criteria associated with previous studies. During the IOTA study phase 1, 1,066 patients were included in 9 centers from 5 countries (Belgium, Italy, Sweden, France, United Kingdom), and 11 mathematical models to estimate the risk of malignancy in adnexal masses were developed using different modeling techniques. Four different types of mathematical models were developed to evaluate which type of model did best (scoring system, logistic regression models, artificial neural networks (ANN), and vector machine models). On internal and temporal validation in the centers that previously developed the models, they had excellent diagnostic performance (16, (22) (23) (24) (25) . After temporal validation, all models had similar performance (AUCs between 0.945 and 0.950). Because logistic regression models are less complex and easier to use, the logistic regression model LR1 with 12 predictors and the simpler model LR2 with 6 predictors were from then on selected as the main IOTA models.
A crucial step before introducing a model in clinical practice involves external validation of performance in centers unrelated to where the models were developed (26, 27) . Therefore, the aims of this study (IOTA phase 2) were to externally validate the ability of the IOTA models to discriminate between benign and malignant adnexal masses and to compare their performance with that of the RMI and other non-IOTA models developed to assess the risk of malignancy in adnexal masses before surgery.
Materials and Methods

Design and setting
This is a prospective cross-sectional diagnostic accuracy study of patients presenting with at least one persistent adnexal (ovarian, para-ovarian, or tubal) mass for which they were operated on. All patients underwent an ultrasound examination by one of the principal investigators who were all experienced in gynecologic ultrasound. In the
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Seven of the new centers were oncological referral centers (465 patients, 47.6% of all patients), one was a referral center for ultrasonography (135 patients, 13.5%), and 4 were regional hospitals (387 patients, 38.8%). Ethical approval was obtained by the local committees of all centers.
The non-IOTA models
From a literature search, we identified 12 models to estimate the risk of malignancy in adnexal masses that contained variables for which information had been prospectively collected in the IOTA studies: the original RMI from the study of Jacobs and colleagues (7) and 3 variations of the RMI (8, 28, 29), 6 logistic regression models (9) (10) (11) (12) (13) (14) , and 2 ANNs (more specifically, multilayer perceptrons; ref. 12). The variables used in these models are listed in Table 1 .
The IOTA models
During IOTA phase 1, we developed one subgroup scoring system (30), 2 logistic regression models (LR1 and LR2; ref. 16 validation will be analyzed and reported separately and is not included in the current study. The variables used in the IOTA models are listed in Table 1 .
Subjective assessment
After completing the ultrasound examination, the ultrasound examiner classified each mass as benign or malignant according to his/her subjective assessment of the ultrasound images.
Statistical analysis
Because sensitivity and specificity are highly dependent on the cutoff point used, we regarded the area under the receiver operating characteristic (ROC) curve (AUC) as the most important measure to evaluate the discriminatory performance of the models. Confidence intervals (CI) for the AUC were computed using the logit-transform method (31, 32) . CIs for the difference in AUCs were computed using the method of DeLong and colleagues (33) . In addition, sensitivity and specificity as well as the positive and negative likelihood ratios (LR þ and LR À ) were calculated for the cutoff points proposed in the original articles. These results were summarized into a single measure of test performance, the diagnostic odds ratio (DOR; refs. 34, 35) . This equals LR þ divided by LR À and shows how much higher the odds of classifying the tumor as malignant are for patients with a malignant tumor than for patients with a benign tumor. For example, a DOR of 10 means that the odds of classifying the tumor as malignant is 10 times higher for patients with a malignant tumor than for patients with a benign tumor.
In this study, we evaluated 23 models, such that we specified a priori which comparisons between models were of interest to avoid excessive output. We decided to focus on comparing LR1 with LR2 and on comparing LR1, LR2, and the best IOTA model (if different from LR1 or LR2) with RMI and the best non-IOTA model (if different from the RMI). The main comparison between models involved the AUC on all data, and this was used to define the best IOTA and non-IOTA models. Secondary comparisons involved AUCs by menopausal status and the AUC for discriminating stage I ovarian cancer from benign tumors.
In the RMI, one of the variables is "presence of metastases." This was not a mandatory variable for the IOTA studies, and therefore information on metastases was sometimes missing (16%). To overcome this problem, we analyzed the differences in performance of the RMI when (i) the variable metastases were not used, (ii) the variable was imputed by 0 in case of missing information, and (iii) multiple imputation was used. The ROC curves were virtually identical for all 3 approaches. We decided to impute the variable by 0 in case of missing information because it seemed sensible to believe that in most cases where information on metastases was missing, there were no metastases.
Information on CA125 was missing in 27% of cases (272 of 997). Whenever it was missing, it was imputed using multiple imputation (36, 37) with predictive mean matching regression (38) . This allowed us to use the whole database and to overcome selection bias. Missing values for CA125 were imputed 100 times, resulting in 100 complete data sets. Models using CA125 were applied on each complete data set, and results were combined using standard multiple imputation methodology to obtain final results that properly take into account the uncertainty of missing data (37) . The 10 resulting ROC curves were averaged to plot a single curve. Additional details on our imputation procedure are described elsewhere (39) .
Results
The data set included 742 (74%) benign and 255 (26%) malignant masses. The rate of malignancy was 40% (192 of 475) for the oncology centers, 8% (11 of 135) for the ultrasound referral centers, and 13% (52 of 387) for the regional centers. The final histologic outcome for all patients is listed in Table 2 .
The performance of the models for the whole data set is presented in Table 3 . LR1, the main IOTA logistic regression model using 12 variables, had the best performance with an AUC of 0.96 (95% CI, 0.94-0.97). All IOTA models had roughly similar performance with AUCs ranging between (Table 4 ). Figure 1 shows the ROC curves for LR1, LR2, the original RMI, and the best non-IOTA model. The IOTA models were also superior to the non-IOTA models for discriminating between benign masses and stage I invasive ovarian cancers (n ¼ 48), see Tables 3 and 4 . The IOTA models had AUCs ranging from 0.92 to 0.94, whereas the AUCs for the non-IOTA models were at most 0.91. LR1 had an AUC of 0.94 (95% CI, 0.88-0.97), LR2 of 0.94 (95% CI, 0.87-0.97), and RMI of 0.85 (95% CI, 0.78-0.90). Table  4 shows that the advantage of LR1 and LR2 over the RMI and the best non-IOTA model is maintained when focusing on discrimination between stage I primary invasive ovarian malignancies and benign tumors.
The diagnostic performance of the models when using the cutoff values suggested in the original articles is presented in Table 5 . The sensitivities and specificities of the IOTA models were all around 90%, whereas among the non-IOTA models they differed substantially. The IOTA models had DORs between 46 and 77 (DOR for LR1, 75; sensitivity, 92%; specificity, 87%), whereas the DORs of the non-IOTA models varied between 12 and 37. LR2 had a DOR of 66 (sensitivity, 92%; specificity, 86%), the RMI of 37 (sensitivity, 67%; specificity, 95%), and the best non-IOTA model of 29 (sensitivity, 92%; specificity, 86%). The best trade-off between sensitivity and specificity was achieved by the IOTA models. The detection rate of primary invasive ovarian cancer stage I (n ¼ 48) of the IOTA models varied between 88% and 92% (LR1 and LR2, 92%). Detection rates of stage I cancer were lower for all non-IOTA models except for ANN 2 (94%). However, the very low specificity of ANN2 (41%) indicates that this model classified many more tumors as malignant compared with any other model. The detection rate of primary invasive ovarian cancer stage I was 51% for the RMI and 63% for the best non-IOTA model (Table 4) . Table 6 shows the performance of LR1, the RMI, and the best non-IOTA model in pre-and postmenopausal patients. LR1 and LR2 had better values for all performance measures in premenopausal and postmenopausal patients, although the advantage of LR1/LR2 relative to the RMI and the best non-IOTA model was larger in premenopausal patients. Table 7 shows the number and types of malignancies that were missed by the 2 IOTA logistic regression models, the RMI of Jacobs and colleagues and subjective assessment by an experienced ultrasound examiner. The RMI missed more malignant tumors of any kind than the IOTA models and subjective assessment.
Discussion
This is the first study to externally validate and compare the diagnostic performance of IOTA models and non-IOTA models to discriminate between benign and malignant adnexal masses. We have shown that the IOTA models are robust and maintain their performance when tested in new centers in different countries with different population characteristics. Moreover, the IOTA models had highly similar performance and performed clearly better than the non-IOTA models, including the RMI. In particular, the detection rate of stage I primary invasive ovarian cancer was much higher for the IOTA models than for the very commonly used RMI. The differences in performance between the IOTA models and the non-IOTA models were smaller in postmenopausal than premenopausal patients (Table 6  and Supplementary Table) . This is likely to be explained by CA125-included in the RMI and many non-IOTA models-performing better as a discriminator between benign and malignant adnexal lesions in postmenopausal women because of lower prevalence of benign lesions associated with increased CA125 levels in postmenopausal women (5, 40, 41) . This is in agreement with IOTA models including CA125 not performing any better than models without CA125 (42) .
A strength of our study is that it was conducted on a large number of masses. The geographic spread and the different referral profiles of the centers also suggest that the conclusions will have general applicability. Another strength is that we specifically determined the performance of the diagnostic methods to detect stage I ovarian cancer, even though there were only 48 such cancers. We think it is clinically important to achieve a high detection rate of stage I cancers, as explained below. It might be considered a weakness that in all centers, the scans were carried out by clinicians with a specific interest in gynecologic ultrasound. We need to evaluate how well the models perform in less experienced hands. However, obtaining information on the ultrasound variables required for the IOTA models should be possible for any qualified ultrasound practitioner.
Recently, Geomini and colleagues conducted a systematic review of all mathematical models that had been created for discrimination between benign and malignant adnexal masses and undergone external validation (20) . They concluded that the RMI given by Jacobs and colleagues (7) is the method of choice for the preoperative assessment of an adnexal mass. However, the review of Geomini and colleagues did not include an evaluation of the IOTA models because at the time of writing that review, the results of the external validation of the IOTA models had not been published. When a cutoff level of 200 for the RMI was used, the pooled estimate for sensitivity was 78% (95% CI, 71%-85%) and that of specificity was 87% (95% CI, 83%-91%). In our prospective validation, the sensitivity of RMI was lower (68%; 95% CI, 62%-73%) but the specificity was higher (95%; 95% CI, 93%-96%). Differences in tumor populations, for example, in stage distribution, might explain this discrepancy. A clear advantage of the IOTA models over the non-IOTA models is that they seem to have higher detection rate of stage I ovarian cancers than the other models and the RMI. Because stage I ovarian cancer is associated with a survival rate of more than 90% (43) , early detection and optimal treatment might be crucial. A false-negative diagnosis of ovarian cancer will often lead to the patient undergoing laparoscopic surgery. This increases the risk of spilling cyst fluid containing malignant cells into the peritoneal cavity (44) . Previous studies clearly showed that rupture of a malignant ovarian cyst worsens the prognosis for diseasefree survival in stage I invasive ovarian cancers (2, 3) . Spilling should also probably be avoided in borderline tumors, even though there are no prospective studies to prove this (44) . Spilling and iatrogenic upstaging of the patient is not a serious problem in advanced cancer because spread throughout the peritoneal cavity is already present. Furthermore, higher stage ovarian cancers are often diagnosed clinically, making mathematical models to calculate the risk of malignancy less important. When we examined the types of malignancies that were missed, LR1 and LR2 missed the smallest number of stage I invasive cancers and borderline tumors. These models missed fewer malignancies than subjective assessment, but the latter had higher specificity (22) . The RMI missed the highest number of stage I ovarian cancers and missed 73% of borderline tumors.
In conclusion, our results contradict the conclusion of Geomini and colleagues that the RMI is the method of choice to distinguish benign from malignant adnexal masses. External validation shows that the IOTA models outperform other models-including the current reference test RMI-for discriminating between benign and malignant adnexal masses.
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